Surgery duration is usually used as an input of the operation room (OR) allocation and surgery scheduling problems. A good estimation of surgery duration benefits the operation planning in ORs. In contrast, we would like to investigate whether the allocation decisions in turn influence surgery duration. Using almost two years of data from a large hospital in China, we find evidence in support of our conjecture. Surgery duration decreases with the number of surgeries a surgeon performs in a day. Numerically, surgery duration will decrease by 10 minutes on average if a surgeon performs one more surgery. Furthermore, we find a non-linear relationship between surgery duration and the number of surgeries allocated to an OR. Also, a surgery's duration is affected by its position in a sequence of surgeries performed by one surgeon. In addition, surgeons exhibit different patterns on the effects of surgery type and position. Since the findings are obtained from a particular data set, We do not claim the generalizability. Instead, the analysis in this paper provides insights into surgery duration study in ORs.
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Evidence suggests that surgery duration depends on clinical factors, e.g., the surgery type (details of the procedure), the patient's anamnesis (Lowndes et al. 2016) , as well as the surgeon's experience (Zheng et al. 2008 ). However, non-clinical impacts have not been investigated to the same extent. In this paper, we would like to investigate the impacts on surgery duration from a broad perspective, i.e., the clinical and non-clinical factors as well as the interactions between them.
The term "surgery duration" in this paper is somewhat different from that in literature. We define it explicitly as follows. The whole surgery process can be divided into four parts. The first part is the interval from the time a patient enters the OR to the start of anaesthesia, which is labelled preparation period. The second part is the interval from start to the end of anaesthesia, which we label anaesthesia period. The third part is the interval from the start (i.e., the end of anaesthesia) to the end of the surgical procedure, which we label surgery period. The last part is the interval from the end of the surgical procedure to the time the patient leaves the OR, which we call wake-up period. The term "surgery duration" throughout the paper means the length of the third period, i.e., that of the surgical procedure itself, since this time period is dominated by the surgeon and critical for surgical outcome quality.
In this paper, non-clinical factors refer to day-of-the-week, surgeon workload, the workload in an OR, and the surgery position in a sequence of surgeries. The workload of a surgeon means the number of surgeries a surgeon performs in a day. We find that surgery duration will increase with around 10 minutes if a surgeon performs one more surgery. The workload in an OR refers to the number of surgeries scheduled in an OR in a day. Interestingly, we find a non-linear relationship between workload in ORs and surgery duration. When there are no more than 4 surgeries in an OR, surgery duration decreases with around 10 minutes if one more surgery is allocated to the OR; and when there are more than 4 surgeries in an OR, surgery duration increases with around 5 minutes for each additional surgery. Surgery position is the position of a surgery in a sequence of surgeries a surgeon performs in a day. We find evidence of a relationship between its position and its duration.
In other words, the duration of a surgery varies with its position in a sequence. Furthermore, we investigate the effects of the interactions among surgery type, position, and surgeon, by which we aim to uncover whether different surgeons exhibit different patterns on the effects of surgery type and position. Indeed, we find evidence suggesting that for certain surgery types, its position is linked to surgeons working faster (or slower). Note that we do not claim the generalizability of the findings in this paper, since they are obtained based on a particular data set. Instead, our paper provides insights into the surgery duration analysis in ORs. In particular, similar analysis can be repeated for any OR to find the clinic and non-clinical imparts on surgery duration. Note that the results in the paper have been shown in ?. In this paper, we present details of our data and the methodologies used to obtain the results.
Our work makes the following contributions to literature on the impacts on surgery duration:
(1) Usually, researchers use surgery duration as an input to make surgery allocation and scheduling decisions. However, we find that allocation and scheduling decisions in turn influence surgery duration.
(2) We investigate the effects of two kinds of workloads on surgery duration, i.e., surgeon workload and workload in ORs.
(3) We propose a new method to find the interactions between predictors. That is, the regression tree is used to indicate the possible interactions.
(4) We find that the surgery position in a sequence of surgeries a surgeon performs in a day impacts the surgery duration.
(5) We find that surgeon performance is related not only to surgery types but also to the surgery position in a day.
The remainder of this paper is organized as follows. Section 2 gives a review of literature. Section 3 develops hypotheses. Section 4 describes the data structure. In Section 5, we propose statistical models and illustrate the results. Section 6 presents concluding remarks along with some possible future work.
Literature Review
We review the literature relevant to the factors that impacts surgery duration, e.g., the day of the week, the surgeon performing the procedure, and the surgeon workload.
The weekday or weekend effects in healthcare have been investigated. Cram et al. (2004) find that the mortality rate of patients admitted to hospitals on weekends is slightly higher than that of patients admitted on weekdays. Kostis et al. (2007) conclude that patients with myocardial infarction admitted on weekends experience higher mortality and lower use of invasive cardiac procedures.
The impacts of the workload have been studied for decades. In industry, the empirical study of Schultz et al. (1999) illustrates that employees tend to work faster when they face rising inventory and the work is standardized. Oliva and Sterman (2001) find that employees can "cut corners" by omitting tasks to reduce waiting time for incoming customers. In healthcare, plenty of researches have investigated the effects of occupancy in medical ward on the length of stay (LOS), readmission rate, and mortality rate in hospitals. Some papers conclude that high occupancy levels lead to decreased LOS, e.g., Anderson et al. (2011) and Kc and Terwiesch (2012) . This kind of speed-up may have consequences such as high readmission rates (Kc and Terwiesch 2012) and high mortality rates (Kc and Terwiesch 2009) . It is worth noting that the workload in ORs discussed in this paper is different from that in medical wards. First, the workload or occupancy of medical wards in the above papers is represented by the number of patients. The workload is work needed simultaneously Article submitted to by the patients in the ward, while the workload of a surgeon in a day in this paper is the number of patients who need surgery sequentially. Hence the workload of a surgeon should be time-dependent.
Specifically, a surgeon may experience workload pressure during surgeries earlier in the day, but not during the latter surgeries. Or it may be the other way around. Second, different from patients in medical wards, a surgery is often performed by one surgeon or a surgeon team. Hence, the surgery duration is often related to the surgeon performing the procedure.
In the literature, surgery duration has often been linked to the surgeon performing the procedure.
In particular, it is influenced by the performing surgeon's level of experience (Zheng et al. 2008), or to that of the assistant surgeon (Molina-Pariente et al. 2015) , or to that of the surgical team as a whole (Zheng et al. 2008 , Eijkemans et al. 2010 . Team size has also been investigated in relation to surgery duration (Cassera et al. 2009 ).
Some scholars found evidence that surgery duration is related to procedure start time. Peskun et al. (2012) found that surgery duration increases with later surgery start time, but the small differences found (7.1 minutes) were likely not clinically significant. For procedures that started after 5 PM, Cassera et al. (2009) found no significant increase in surgery duration. Different from the papers that focus on start time, in this paper, we study the relevant effects on the surgery duration from another perspective, i.e., the position of a surgery in a sequence of surgeries performed by a surgeon. It is also an aspect to illustrate whether surgery duration depends on the surgeon performing the procedure.
Hypothesis Development
Generally, it is believed that surgery duration depends on surgery type, and on the details of the surgical procedure, e.g., how many tumours need to be removed, how deep are they, etc. However, we suspect that some non-clinical factors influence surgery duration. In this section, we develop hypotheses which will be tested in section 5.
Hypothesis 1: the Effects of Weekdays
Literature has investigated the effects of weekdays on mortality, e.g., Cram et al. (2004) and Crowley et al. (2009) . It is concluded that the effects of weekends are often significant, e.g., the mortality rate of patients admitted during the weekend is higher. In this paper, we investigate whether effects of the weekdays influence surgery duration significantly. We formally present the hypothesis as follows.
Hypothesis 1: The effects of weekdays influence the mean of surgery duration.
The corresponding null hypothesis is that the effects of weekdays do not affect the mean of surgery duration.
Hypothesis 2: the Effects of Workload
We focus on two kinds of workload: surgeon workload and workload in ORs. A surgeon might perform a different number of surgeries in one day. We conjecture that surgery duration decreases with the number of surgeries performed by the surgeon in a day. More specifically, surgeons under high workload will accelerate their surgeries. On the other hand, the number of surgeries that scheduled in an OR varies day by day. Hence, we also conjecture that if many surgeries are scheduled in an OR, the workload pressure in the OR will also cause surgeons to accelerate their surgeries.
We present these conjectures formally in the following hypothesis.
Hypothesis 2: the mean of surgery duration decreases with (1) the number of surgeries a surgeon performs in a day, and (2) the number of surgeries scheduled in the OR.
The corresponding null hypothesis is that the mean of surgery duration does not vary with the number of surgeries a surgeon preforms in a day, or with the number of surgeries scheduling in the OR.
Hypothesis 3: the Effects of Orderings
We also suggest that surgery duration is affected by the position of the surgery in the sequence of surgeries that a surgeon performs in a day. Specifically, the duration of prior surgeries will be shorter, while that of the later surgeries will increase. Our reasoning is twofold. Firstly, if a surgeon performs multiple surgeries in a day, he/she may experience higher workload pressure when performing the earlier surgeries, knowing that there are still a number of surgeries to come. Hence, the surgeon will accelerate his/her work and the surgery duration will decrease. For latter surgeries we suppose the opposite. Secondly, if a surgery is one of the first procedures for a surgeon that day, it is usually one of the first surgeries in the OR in which multiple surgeries are scheduled.
Hence, the earlier surgeries suffer more OR workload pressure than the later ones. We formally present our conjectures about the effects of orderings in Hypothesis 3.
Hypothesis 3: The mean of surgery duration decreases (increases), if a surgery takes place earlier (later) in the sequence of surgeries performed by a surgeon.
The corresponding null hypothesis is that the mean of surgery duration does not decrease or increase with its position in the sequence of surgeries performed by a surgeon.
Hypothesis 4: the Effects of Surgeons
Though the surgery duration mainly depends on surgery type, we suspect that different surgeons exert different performance. For example, some surgeons are senior specialists who may need less time than junior surgeons for the same procedures. Surgery duration may also be linked to a surgeon's personal style, or preference for the use of certain surgical tools. We present the hypothesis as follows.
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Hypothesis 4: The mean of surgery duration is related to the surgeon performing the procedure.
The corresponding null hypothesis is that the mean of surgery duration has nothing to do with the surgeon performing the procedure.
Hypothesis 5: the Effects of Interactions
We conjecture that surgeons are not homogeneous. Firstly, a surgeon may be good at certain types of surgeries, but less so at others, which indicates a potential interaction between surgeon and surgery type. Secondly, different surgeons may have different effects of orderings, i.e., an interaction between surgeons and orderings. Additionally, other interactions may also be argued, e.g., the interaction between orderings and surgery types, hence we will investigate the effects of interactions. We present the hypothesis formally as follows.
Hypothesis 5: The interactions between some factors, e.g., surgeons, orderings and surgery types, influence surgery duration.
The corresponding null hypothesis is that there are no interactions of surgeons, orderings and surgery types that affect mean of surgery duration.
Data Collection and Description
Our data come from a large hospital in China from January 2014 through October 2016. There are 46 ORs in the hospital, which together host more than 20,000 surgeries a year. We describe the data structure from the following perspectives.
Surgeons
We limit our data to one department: Thoracic Surgery department which performs the largest number of surgeries during our data collection period. We focus on 6 surgeons who performed the most surgeries. The number of surgeries performed by each surgeon is listed in the second column of Table 1 , in which the anonymous surgeons are denoted by letters, "A", "B", "C", "D", "E" and "F". Surgeon A, B and C perform the most number of surgeries, which take up more than 75% of the total number.
Number of Surgeries a Surgeon Performs in a Day
A surgeon may perform multiple surgeries in a day. For the surgeons in consideration, the number a surgeon performs in a day varies from 1 to 6. The columns labelled 1-6 in Table 1 illustrates these statistics. The labels in the title row (1, 2, · · · , 6) represent the number of surgeries that are performed by the surgeon in a day. Take the number in the row labelled "Surgeon A" and the column labelled "2", 308, for an example. It means that there are 308 surgeries each of which is performed by Surgeon A in the day with 2 surgeries finished by the surgeon. The last row lists the sum of the above numbers in each column. Note that the number in the last row might not be divisible by the number in the title row. This is because some instances are not included due to erroneous or incomplete records. In most cases surgeons perform fewer than four surgeries in a day. Also, different surgeons show different patterns. Specifically, Surgeon A performs two or three surgeries a day, while in most of the cases Surgeon B, C, D, and F tend to perform two surgeries in a day, especially for Surgeon B. Surgeon E is the only surgeon who usually performs only one surgery in a day. Figure 1 (a) demonstrates 6 box-plots of surgery durations, corresponding to the cases in which 1-6 surgeries are performed in one day, respectively. There are only a few instances in which six or more surgeries are performed in one day, hence six or more is combined as such in the sixth box-plot of Figure 1(a) . It is shown that surgery duration decreases with the number of surgeries performed by a surgeon in a day. This is reasonably expected, since surgeons may accelerate if they face higher work pressure, as was also shown in Kc and Terwiesch (2009) . Also, there are many outliers if a surgeon performs two or three surgeries in a day, because there are many cases for the two scenarios. In our model, we exclude the cases with six or more surgeries a day, since there are only seven such cases, representing only 0.29% of the data.
Number of Surgeries Scheduled in An OR
Similar to the illustration in Table 1, Table 2 illustrates the number of surgeries scheduled in the OR in a day. It is shown that in most cases there are no more than three surgeries in an OR, and surgeons have similar patterns that most of the surgeries are done in an OR with two surgeries in a day. Figure 1(b) is the box-plot of the surgery duration under a different number of surgeries in an OR. As in Figure 1 (a), we combine the surgeries performed in an OR of seven or more in a day.
There is a tipping point. Specifically, in the cases that there are four or fewer surgeries in an OR, the surgery duration decreases with the number of surgeries, while the duration increases if the number of surgeries in an OR is five or more. We will test the existence of a tipping point later.
Surgery Types
The surgeons in the department are specialized in thoracic surgeries, which can be categorized into 11 types. Table 3 presents surgery types and the corresponding statistics. The fourth type of surgery has the highest occurrence and is the main surgical procedure that the department performs.
Figure 1(c) shows the box plot of surgery duration for each surgery type. Surgery 9 (oesophageal cancer) has the longest duration. The duration of another cancer, lung cancer (Surgery 1), is also longer than most surgeries. For the main surgery in the department (pulmonary lobectomy), total pneumonectomy (Surgery 5) is reasonably more time-consuming than partial/interior pulmonary lobectomy (Surgery 3 and 4). The mean of Surgery 2 duration is the smallest. The duration of Surgery 3 and 4 have similar means and medians. They also have the highest number of outliers, which is may be due to their high occurrence.
Number of Surgeries in the day of the week
We illustrate the number of surgeries in each day of the week in Table 4 , which shows that there are only a small portion of surgeries scheduled on Sunday and Monday. Hence, to some extent, Sunday and Monday represent the "weekends" for the surgeons. 
Statistical Modelling and Analysis
In this section, we propose statistical models to test the hypotheses developed in Section 3.
Variables
The variables in consideration are listed in Table 5 . The terms, "variable", "predictor", and "factor", are used interchangeably throughout the paper. We divide the variables into two categories: ORDER is a categorical variable, taking the value of ON LY ON E if a surgery is the only surgery a surgeon performed in a day, "2 ∼ 1" if the surgery is the first surgery that is done by a surgeon who performs two surgeries on that day, "2 ∼ 2", "3 ∼ 1", and so forth. Table 5 Description of variables used in the models
Variable Description
SU RGEON the surgeon performing the procedure AN EST HET IST the surgery anesthetist SU RGRY T Y P E the surgery type, one of 11 types shown in Table 3 DAY the day of the week when the surgery is performed W SU RGEON the number of surgeries the surgeon performs in a day ORDER the position of a surgery in the sequence of surgeries performed by the surgeon in a day W OR the number of surgeries scheduled in the OR where the surgery is performed
Simple Models
We first use simple models (the models without interactions) to test Hypothesis 1-4. In this paper, we regard the effects of the predictors listed in Table 5 as the main effects. In Figure 1 we observe that the the response variable is very skewed. This is against the assumptions that we make when we fit a linear model and has negative impact in the estimation of the model. To avoid this problem, we take the log of surgery duration and use it as the response. Since the variables ORDER and W SU RGEON are collinear, the following models (Model I and II) with the two variables are developed respectively.
Model I: log(DU RAT ION
Inspired by Figure 1(c) , we would like to test different effects of W OR below and above the tipping point (denoted as T P ). Hence, we use the following piecewise linear function to substitute β 4 W OR i in Model I and II.
which indicates that β 41 estimates the slope below the tipping point, and β 41 + β 42 estimates the slope above the tipping point. Thereby we have the following two models.
Model III: log(DU RAT ION
The regression results are illustrated in Table 6 . The terms relevant to the factor AN EST HET IST are not included because it has 50 categories and it will add too many lines to the table. The factor SU RGERY T Y P E is also excluded since by using the simple models we would like to test Hypotheses 1-4, which do not refer to surgery types.
Hypothesis 1 is supported by all models. To show the effect of the day of the week, we set Saturday as the baseline. In all models, the effects of Tuesday and Friday are positively significant, indicating that duration of surgeries on these two days in a week is longer than those on Saturday.
If we compare Table 4 and Table 6 , we see that the two busiest days, which are Tuesdays and Fridays, have slightly longer average operation time. They are followed by Wednesday and then the other week days. Besides, as mentioned in Section 4.5, Sunday and Monday represent the weekends for the surgeons. Hence, longer duration in Tuesday might reveal a weekday effect, i.e., surgeons appear to work at a lower pace when they go back to work after the weekend. Numerically, the duration of surgeries on Tuesday or Friday is around 8 minutes longer than those on Saturday.
Hypothesis 2(1) is supported by Model I and III, i.e., surgery duration decreases with the number of surgeries a surgeon performs in a day. On average, surgery duration will decrease by 10 minutes if
Article submitted to Table 6 Regression results for models using only the main effect and without interaction terms (simple models As for Hypothesis 3, it is partially supported by Model II and IV. Though some items are not significant when a surgeon performs five surgeries in a day, they only take up 1.18% of all cases (see Table 1 ). Note that the base line is ON LY ON E. All coefficients of orderings are negative, which also support Hypothesis 2(1). The coefficients of different orderings do not always monotonically increase, but are very close for a certain number of surgeries a surgeon performs in a day (see the coefficients of Order 3 ∼ · and Order 4 ∼ ·). We can only conclude that the duration of the first surgery decreases more than later surgeries when a surgeon has two, three or four surgeries in a day. Figure 2a shows a bar plot of coefficient estimations of surgery positions. It shows that the standard errors increase with the number of surgeries performed by a surgeon in a day, especially when a surgeon performs five surgeries. For the extend to which the duration decreases, duration of surgeries in position (4, 1) suffers the biggest drop around 28 minutes (for the cases where there are no more than 4 surgeries per surgeon in a day).
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Hypothesis 4 is supported by all models, i.e., the mean of surgery duration is related to the surgeon performing the procedure. We set Surgeon A as the baseline for the categorical variable SU RGEON . It indicates that the effects of Surgeon B, C and F are significant. The duration of surgeries performed by Surgeon B and F (especially Surgery F) is less than that performed by Surgeon A, while the duration of Surgeon C's surgeries is longer than that of Surgeon A. Figure 2b is the bar plot of coefficient estimations of surgeons, indicating the differences among the surgeons.
Surgeon C appears to be slowest, with average surgery duration approximately 13 minutes more than that of Surgeon A. Surgeon F appears to be fastest, whose surgery duration is around 34 minutes less than that of Surgeon A, but has the largest standard error.
To summarize, in this subsection we tested Hypothesis 1-4. In other words, we investigated effects of the non-clinical factors on surgery duration, including day of the week, surgeon workload, workload in an OR, the position of the surgery, and surgeon. Specifically, Hypothesis 1, 2(1), 3, and 4 are supported by the regression results. For Hypothesis 2(2), we find that surgery duration does not monotonically decrease with the workload in the OR. Instead, there exists a tipping point.
Surgery duration will increase if the workload in the OR is beyond the tipping point. In this subsection, we would like to test Hypothesis 5, i.e., the effects of some interactions on surgery duration. The question is: which interactions should be taken into account? We use the rpart() function in R to build a regression tree of surgery duration by the model predictors. It is illustrated in Figure 3 , which provides some evidence that there may be interactions among SU RGERY T Y P E, SU RGEON and ORDER. Hence, there are three kinds of interactions we need to consider.
Models with Interactions
We formulate the models with interactions based on Model IV as follows, since it is the best among the simple models.
Next, we need to examine whether the new models are superior to the previous ones, i.e., whether the effects of interactions are significant. Hence, we run anova() to perform analysis of variance for the results of Model IV and those of the new models, respectively. The results listed in Table   7 indicate that the three kinds of interactions are all significant. to perform Surgery 1 and 2. Surgeon F is generally much faster than Surgeon A, especially when he/she is performing Surgery 3. Alternatively, from a surgery perspective, the reference is Surgery 4. It is illustrated that the mean of the duration of Surgery 1, 5, 6, and 9 is larger than that of Surgery 4, while that of Surgery 2, 8, 10, and 11 is smaller. In addition, Surgery 2 seems hard for Surgeon B, requiring more time, but easy for Surgeon E and F, and Surgery 11 seems hard for Surgeon B, C, and D.
In Table 9 , we report the coefficients of SU RGERON , ORDER, and their interaction in Model VI. It is shown that Surgeon B and C are flexible. That is, the duration of these two surgeons' surgeries is significantly influenced by the surgery positions. In particular, Surgeon B (C) work much faster for the surgeries in position 4 ∼ 3 (5 ∼ 4). Surgeon C (D) performs surgeries in position has three surgeries in a day. In addition, the interaction between Surgeon F and surgery position is not significant.
We report the coefficients relevant to SU RGERT Y P E, ORDER, and their interaction in Table   10 . As we know, surgery duration greatly depends on surgery type. However, this table shows that the effects of surgery type are different for surgeries with different surgery positions. For example, the duration of Surgery 2 decreases if it is the last surgery in a day with three surgeries performed by a surgeon that day. A similar interpretation can be done for all the interaction items. It is worth noting that Surgery 3 is flexible, since its duration increases if it is placed in the position 3 ∼ 1, while it decreases a lot if it is in the position 5 ∼ 4.
In sum, the results of the models with interactions support Hypothesis 5, i.e., the interaction between some factors influence surgery duration. The log likelihood and adjusted R 2 values of the models with interactions are larger than those of simple models, which indicates the necessity to consider these interactions. We find that surgeons exhibit different performance on different surgery types, as well as on surgeries in different positions. Also, the interaction between surgery type and surgery position impacts the duration.
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Conclusions and Future Work
In this paper, we investigate the impact of clinical and non-clinical factors on surgery duration. It is found that surgery duration is influenced by surgeons' workload and workload in the OR where the surgery is performed. The duration decreases with surgeons' workload. However, it does not monotonically decrease with the workload in the OR. It decreases with the OR workload if the number of surgeries in the OR in a day is not more than four, while it increases with the OR workload if the number is beyond four. Also, we find the duration of a surgery is slightly impacted by the position of the surgery in a sequence of surgeries a surgeon performs in a day. In addition, different surgeons exhibit different patterns on the impacts of surgery types and surgery positions.
More specifically, some surgeons perform certain surgery types faster than others. Surgeon B and C are flexible, whose performance is largely dependent on surgery positions. Furthermore, it is found that the effect of interactions between surgery types and positions is significant. In other words, for some kinds of surgeries, the duration is different if it is placed in different positions. These results all indicate reason to incorporate non-clinical factors in OR planning and scheduling. More accurate schedules may be attained, with fewer delays and less re-scheduling as a result.
Note that the surgeon performance of surgery duration is not equivalent to the quality of surgery from a medical perspective. Hence, an intuitive idea on future work is to investigate the impacts of the factors discussed in this paper on healthcare quality, e.g., readmission and mortality rates.
Also, the impart of surgery duration on healthcare quality should be take into consideration.
Furthermore, as mentioned before, we only focus on the third part of the whole surgery process,
i.e., surgery duration. Hence, another future work could be to investigate the impacts of the factors mentioned in this paper on the other time intervals, as well as the impacts of the length of the intervals on healthcare quality.
